Abstract-Dendritic spines have stable filamentous actin (F-actin) and dynamic F-actin. The formation of stable F-actin plays a pivotal role in spine formation. Drebrin binds to and stabilizes F-actin in dendritic spines. Interestingly, the conversion of the drebrin E isoform to drebrin A occurs in parallel with synapse formation, suggesting that this conversion promotes synapse formation via F-actin accumulation. In this study, we measured the dynamics of GFP-tagged drebrin E (GFP-DE) and drebrin A (GFP-DA) in cultured hippocampal neurons by fluorescence recovery after photobleaching analysis. We found that GFP-DA has a larger stable fraction than GFP-DE. The stable drebrin fraction reflects its accumulation in dendritic spines, therefore the isoform conversion may increase the amount of stable F-actin in dendritic spines. The stable fraction was dependent on the drebrin A-specific sequence ''Ins2", located in the middle of the drebrin protein. In addition, F-actin depolymerization with latrunculin A significantly reduced the stable GFP-DA fraction. These findings indicate that preferential binding of drebrin A to F-actin than drebrin E causes higher stable fraction of drebrin A in dendritic spines, although the F-actin-binding ability of purified drebrin E and drebrin A are comparable. Therefore, we suggest that a drebrin isoform conversion from drebrin E to drebrin A in dendritic spines results in the accumulation of drebrin-bound stable F-actin, which plays a pivotal role in synapse formation. Ó 2018 Published by Elsevier Ltd on behalf of IBRO.
INTRODUCTION
Filamentous actin (F-actin) is a major component of the dendritic spine cytoskeleton. F-actin in dendritic spines is stable and resistant to actin-depolymerizing drugs, such as cytochalasin D (Allison et al., 1998) . However, spines are motile and change their shape in an F-actindependent manner (Fischer et al., 1998) . This led to the hypothesis that both stable and dynamic F-actin exist in dendritic spines (Halpain, 2000) . The presence of stable and dynamic actin has been demonstrated using fluorescence recovery after photobleaching (FRAP) (Star et al., 2002) and photoactivatable GFP-fused actin (Honkura et al., 2008; Frost et al., 2010) . However, the molecular mechanisms regulating stable and dynamic F-actin are poorly understood.
Drebrin is an actin-binding protein that stabilizes F-actin by structural alterations (Sharma et al., 2011 (Sharma et al., , 2012 Mikati et al., 2013; Grintsevich and Reisler, 2014) . Drebrin-bound F-actin is resistant to cytochalasin D in cultured fibroblasts (Ikeda et al., 1995) . These results suggest that drebrin determines the stability of F-actin in dendritic spines. During development, clusters of drebrin-bound F-actin appear in dendritic filopodia, the precursors of dendritic spines (Takahashi et al., 2003) . Drebrin has two major isoforms, drebrin A (DA) and drebrin E (DE). The conversion from DE to DA occurs in parallel with synapse formation. We have shown that DA accelerates F-actin clustering in dendritic spines (Takahashi et al., 2003) . Furthermore, using FRAP, we showed that the stable drebrin fraction reflects the clustering of drebrin-bound F-actin in dendritic spines (Takahashi et al., 2009) . Therefore, studying the stable fraction of individual drebrin isoforms in dendritic spines is important to elucidate the molecular mechanism regulating the amount of stable F-actin.
In this study, we examined the dynamics of GFPtagged DE and DA in the dendritic spines of cultured hippocampal neurons using FRAP. We found that the stability of the two drebrin isoforms was different in dendritic spines. The stable DA fraction was significantly larger than the stable DE fraction. Pharmacological experiments indicated that this difference is mediated by the affinity of the drebrin isoform for F-actin. Thus, preferential binding of DA to F-actin than DE may cause higher stable fraction of DA in dendritic spines, although the F-actin-binding ability of purified DE and DA are comparable. These results suggest that the amount of stable drebrinbound F-actin in dendritic spines is increased by conversion of DE to DA.
EXPERIMENTAL PROCEDURES Animals
Animal experiments were performed according to the guidelines of the Animal Care and Experimentation Committee (Gunma University, Showa Campus, Maebashi, Japan) and conformed to NIH guidelines for the use of animals in research. Every effort was made to minimize animal suffering and to reduce the number of animals used. Pregnant Wistar rats were obtained from Charles River Japan Inc. (Yokohama, Japan). Animals were maintained under standard white cyclic lighting, with free access to food and water.
HIPPOCAMPAL CELL CULTURE
Experiments were performed on Banker-style low-density hippocampal neurons (Goslin et al., 1998; Takahashi et al., 2003) . After deep anesthesia, embryos were removed from timed pregnant Wistar rats at embryonic day 18 and decapitated. Hippocampi were dissected from embryonic brains, and dispersed into a single-cell solution by trituration. Cells were plated on coverslips coated with poly-L-lysine, and then incubated in Minimum Essential Medium (MEM; Thermo Fischer Scientific, Waltham, MA, USA) supplemented with fetal bovine serum for 3 h. The coverslips were transferred to a dish containing supporting glial cells attached to the bottom. Supporting glial cells were maintained in serumfree MEM containing B27 supplement (Thermo Fischer Scientific), 0.6% glucose, and 1 mM sodium pyruvate. Cytosine b-D-arabino-furanoside (5 lM; Sigma, St. Louis, MO, USA) was added to the cultures at 4 days in vitro (DIV) to inhibit glial proliferation. Supporting glial cells were prepared from the cerebral cortex of newborn rats (Goslin et al., 1998) . For pharmacological experiments, latrunculin A (LatA) was obtained from WAKO Pure Chemical Industries, Ltd. (Osaka, Japan) and jasplakinolide (Jasp) was obtained from Thermo Fischer Scientific. 
Electrophoresis and western blotting
Cultured neurons were scraped in sample buffer. Proteins were separated by sodium dodecyl sulfatepolyacrylamide gel electrophoresis (SDS-PAGE) and blotted onto an Immobilon transfer membrane (Millipore, MA, USA) as described previously (Sekino et al., 2006) with a minor modification. The blot was blocked in 3% bovine serum albumin, immunostained with primary antibodies against pan-drebrin (clone M2F6, hybridoma supernatant) (Shirao and Obata, 1986) and drebrin A (DAS2, IBL, Gunma Japan). After incubation with horseradish peroxidase-conjugated secondary antibodies, detection of immunoreactive bands was made using the ECL Western Blotting analysis system (Amersham, Buckinghamshire, UK), and visualized with an image analyzer (LAS-3000, Fujifilm, Tokyo, Japan).
cDNA and transfection
The construction of pEGFP-DA was described previously (Mizui et al., 2005) . Full-length rat DE was obtained by RT-PCR from rat embryo brain cDNA using Phusion polymerase (Thermo Fischer Scientific). To construct pEGFP-DE-IC, full-length DE lacking a stop codon was subcloned into pEGFP-C1 (Takara Bio, Shiga, Japan) between XhoI and BamHI restriction sites. Then, the Ins2 fragment of DA was subcloned into the end BamHI site of pEGFP-DE. GFP-s-drebrin A (GFP-sDA) was constructed by subcloning rat drebrin aa1-365 into pEGFP-C1 (Jin et al., 2002) . Cells were transfected at 7-9 DIV using Lipofectamine 2000 (Thermo Fischer Scientific). We only used neurons with moderate amount of GFPdrebrin that does not affect spine morphology for FRAP experiments.
Immunocytochemistry
Cultured hippocampal neurons were fixed with 4% paraformaldehyde with 2% sucrose. After washing with PBS, neurons were permeabilized with 0.25% Triton. After several washes, neurons were blocked and permeabilized with 1% ovalbumin / 0.2% cold water fish skin gelatin / 0.1% saponin (Sigma-Aldrich) for 1 h at room temperature. Then primary antibody against PSD-95 was incubated overnight in blocking reagents. After washing with PBS, neurons were incubated with secondary antibody in blocking reagents for 2 h at room temperature. Neruons were then washed in PBS before mounting using Perma Fluor (Thermo Scientific).
All fluorescence images of fixed transfected neurons were obtained with a Zeiss Axioplan 2 microscope (Zeiss, Jena, Germany), and the captured images were analyzed with MetaMorph software (Molecular Devices, Sunnyvale, CA, USA).
FRAP analysis
Live cell imaging and FRAP analysis were performed as described previously (Takahashi et al., 2009) . 15-17 DIV cultured neurons on coverslips were transferred to Tyrode's solution [119 mM NaCl, 2.5 mM KCl, 2 mM CaCl 2 , 2 mM MgCl 2 , 25 mM HEPES-NaOH (pH 7.4), 30 mM glucose] and kept in a bath chamber (RC-21BR/18; Warner Instruments, Hamden, CT) at a physiological temperature of 36 ± 0.5°C. For pharmacological experiments, neurons were pretreated with each drug for at least 30 min. Transfected neurons were identified by epifluorescence and illuminated with the 488 nm argon laser under a Zeiss LSM510 confocal microscope (Carl Zeiss, Oberkochen, Germany) with a 40Â water-immersion objective lens (numerical aperture, 1.2). Laser power and imaging conditions were optimized to minimize photobleaching during time-lapse imaging. All images were captured at 512 Â 512 pixels with an electronic zoom of four using a single plane. After the collection of first five images, the target spines were bleached with 10 consecutive scans at 100% laser power. After photobleaching, at least 55 images were further collected every 1.97 s. Image analysis was performed using MetaMorph software (Universal Imaging, West Chester, PA). Average fluorescence intensity of the bleached spines was normalized to pre-bleach level and used to generate FRAP curves. The FRAP curve of a bleached spine was fitted with KaleidaGraph software (Synergy Software, Reading, PA) according to the equation:
derived by Star et al. (2002) , where fs is the stable fraction, fm is the dynamic fraction, t is time (seconds), and s is the time constant.
Statistics
The statistical significance of differences between the stable fractions was determined with Student's t test, Tukey-Kramer test, or SteelDwass test, as appropriate using Statcel3 software (OMS publishing Inc., Saitama, Japan). A p value less than 0.05 was considered statistically significant. The data shown represent the mean values ± S.E.M.
RESULTS

Stable fraction of GFP-DA is larger than that of GFP-DE in dendritic spines
To compare the dynamics of drebrin A (DA) and drebrin E (DE) (Fig. 1A ) in dendritic spines, cultured hippocampal neurons were transfected with plasmids encoding eGFP-tagged DA (GFP-DA) or DE (GFP-DE). Consistent with our previous studies (Hayashi and Shirao, 1999; Mizui et al., 2014) , GFP-DA accumulated in dendritic spines ( Fig. 1B, C; Fig. 2B ) of cultured neurons at 15-17 days in vitro when drebrin A is gradually upregulated ( Fig. 2A ; Takahashi et al., 2006; Takahashi et al., 2009) . GFP-DE also accumulated in dendritic spines (Fig. 1B, C) . Quantitative analysis of spine-dendrite ratio of GFPdrebrin intensity (Mizui et al., 2014) demonstrated that the accumulation level of GFP-DA in spines was not significantly different from that of GFP-DE ( Fig. 2C ; GFP-DA: 2.16 ± 0.13, 36 spines; GFP-DE: 2.21 ± 0.11, 46 spines; Mann-Whitney's Utest, p = 0.63). In addition, fluorescence intensity of GFP-DA in dendritic spines was comparable to that of GFP-DE ( Fig. 2D ; GFP-DA: 1131.4 ± 9.7 AU, 36 spines; GFP-DE: 1292.4 ± 99.8 AU, 46 spines; Mann-Whitney's U-test, p = 0.29). Fluorescent recovery of GFP-DA after photobleaching was slower than that of GFP-DE (Fig. 1C) . The stable fraction of GFP-DA was significantly larger than that of GFP-DE ( Fig. 1E ; GFP-DA: 41.2 ± 3.0%, 43 spines; GFP-DE: 22.6 ± 2.5%, 34 spines; Student's t test, p < 0.001). Position of the DA-specific sequence Ins2 is important for the stability of GFP-DA in dendritic spines
The only difference in molecular structure between DA and DE is the insertion of 46 DA-specific amino acids ''Ins2 sequence" into the middle of the DA protein. Secondary structure prediction of Ins2 has indicated that beta-turns are concentrated in the Ins2 sequence (Kojima et al., 1993) . Therefore this DA-specific sequence may be important for its ternary structure and/or flexibility. If this were true, then the location of the Ins2 sequence might regulate the stability of DA. To investigate whether the location of Ins2 is important for dendritic spine dynamics, we generated a mutant GFP-DE construct in which the Ins2 sequence was added to the C-terminus (GFP-DE-IC; Fig. 3A) . GFP-DE-IC accumulated in dendritic spines ( Fig. 3B, C; Fig. 4A ) similar to GFP-DA. Quantitative analysis of spine-dendrite ratio of GFP-drebrin intensity demonstrated that the accumulation level of GFP-DE-IC was not significantly different from that of GFP-DA or GFP-DE ( Fig. 4B ; GFP-DE-IC; 2.15 ± 0.12, 44 spines; GFP-DA: 2.16 ± 0.13, 36 spines; GFP-DE: 2.21 ± 0.11 spines, 46 spines; Kruskal-Wallis test, p = 0.79). In addition, fluorescence intensity of GFP-DE-IC in dendritic spines was comparable to that of GFP-DA or GFP-DE ( Fig. 4C ; GFP-DE-IC: 1189.3 ± 122.6 AU, 44 spines; GFP-DA: 1131.4 ± 9.7 AU, 36 spines; GFP-DE: 1292.4 ± 99.8 AU, 46 spines; Kruskal-Wallis test, p = 0.48). The dynamics of GFP-DE-IC were distinct from GFP-DA, but similar to GFP-DE (Fig. 3C, D) . The stable fraction of GFP-DE-IC was significantly smaller than GFP-DA but similar to GFP-DE ( Fig. 3E ; GFP-DE-IC: 24.0 ± 2.7%, 31 spines; GFP-DA: 40.6 ± 3.4%, 30 spines; GFP-DE: 23.8 ± 2.8%, 24 spines; Tukey-Kramer test, p < 0.01). Addition of Ins2 sequence to the C-terminal of drebrin E does not confer to have higher stability that drebrin A has. This demonstrates that the position of the Ins2 sequence is important for isoform-specific DA stability in spines.
The C-terminal region does not affect the stable fraction of drebrin in dendritic spines Insertion of the DA-specific sequence into DE increases its molecular weight. The increase may affect the stability of drebrin isoforms because the size of membrane proteins affects their movement in synapses (Li et al., 2016) . To examine this possibility, we compared the dynamics of GFP-DA with GFP-tagged s-drebrin A (sDA). sDA is a short isoform of DA lacking the C-terminal region, including the Homer-binding and profilinbinding motifs ( Fig. 5A ; Jin et al., 2002) . Although GFP-sDA does not have Homer-binding motifs, it accumulated in dendritic spines ( Fig. 5B,  C; Fig. 6A ). Quantitative analysis of spine-dendrite ratio of GFP-drebrin intensity demonstrated that the accumulation level of GFP-sDA was not significantly different from that of GFP-DA ( Fig. 6B ; GFP-sDA: 1.83 ± 0.08, 54 spines; GFP-DA: 2.16 ± 0.13, 36 spines; Mann-Whitney's U-test, p = 0.06). In addition, fluorescence intensity of GFP-sDA in dendritic spines was comparable to that of GFP-DA ( Fig. 6C ; GFP-sDA: 1314.8 ± 184.6 AU, 54 spines; GFP-DA: 1131.4 ± 97.1 AU, 36 spines; MannWhitney's U-test, p = 0.13). Recovery rates were similar between GFP-sDA and GFP-DA even though GFP-sDA is shorter than GFP-DE (Fig. 5C, D) . The stable fraction of GFP-sDA was not significantly different from that of GFP-DA ( Fig. 5E ; GFP-sDA: 33.1 ± 3.4%, 35 spines; GFP-DA: 41.5 ± 3.4%, 38 spines; Student's t test, p = 0.09). This demonstrated that the DA-specific Ins2 sequence is essential for the turnover of DA, and that the Homer and profilin-binding motifs are not necessary.
F-actin influences the stability of GFP-DA and GFP-DE in dendritic spines
The most prominent feature of drebrin is its ability to bind to F-actin. Drebrin localization is regulated by the actin cytoskeleton (Sekino et al., 2006; Hanamura et al., 2010) and activity-dependent changes in drebrin distribution are blocked by the membrane-permeable Factin-stabilizing reagent, jasplakinolide (Jasp). Furthermore, FRAP of GFP-tagged actin in dendritic spines showed that short-term Jasp treatment increases the stable fraction of actin (Star et al., 2002) . To clarify whether GFP-DA and GFP-DE dynamics are influenced by actin filament stability, we transfected cultured neurons with GFP-actin, GFP-DA, or GFP-DE together with 2 lM Jasp. Consistent with previous findings, Jasp almost completely prevented FRAP of GFP-actin (data not shown). In addition, Jasp affected FRAP of GFP-DE (Fig. 7B, C) . Application of Jasp increased the stable fraction of DE ( Fig. 7D ; GFP-DE with Jasp: 38.5 ± 3.5%, 50 spines; GFP-DE: 22.6 ± 2.5%, 34 spines; Steel-Dwass test, p < 0.01). In contrast, the stable DA fraction was not altered by Jasp treatment ( Fig. 7D ; GFP-DA with Jasp: 42.6 ± 2.5%, 62 spines; GFP-DA: 41.2 ± 3.0%, 43 spines; Steel-Dwass test, p > 0.05). In summary, Jasp treatment eliminated all differences between the stable fractions of DE and DA.
Latrunculin A (LatA) is an actindepolymerizing reagent that binds to monomeric actin and inhibits polymerization into F-actin (Spector et al., 1989) . In the presence of 5 lM LatA, GFP-DE and GFP-DA were uniformly distributed within dendrites (Fig. 8A) . In addition, LatA treatment accelerated the fluorescence recovery of GFP-DA after photobleaching. The stable fraction of GFP-DA was significantly reduced by LatA ( Fig. 8D ; GFP-DA: 41.2 ± 3.0%, 43 spines; GFP-DA with LatA: 14.1 ± 3.1%, 30 spines; Steel-Dwass test, p < 0.01). In contrast, the stable fraction of GFP-DE was not significantly affected by LatA treatment ( Fig. 8D ; GFP-DE: 22.6 ± 2.5%, 34 spines; GFP-DE with LatA: 15.5 ± 2.4%, 22 spines; Steel-Dwass test, p > 0.05), although the initial phase of recovery was prominently accelerated. To conclude, in the absence of stable actin filaments, drebrin stability was similar between the two isoforms.
DISCUSSION
In this study, we demonstrated that the stable GFP-DA fraction is larger than the stable GFP-DE fraction in dendritic spines. In addition, the stable GFP-DA fraction was significantly reduced by actin depolymerization, whereas GFP-DE was not affected. These findings indicate that preferential binding of DA to F-actin than DE causes higher stable fraction of DA in dendritic spines.
This suggests that conversion of DE to DA alters the amount of drebrin-bound stable Factin in dendritic spines, which may contribute to synapse formation.
Similar accumulation and differential stable fraction of drebrin isoforms in dendritic spines
We have previously reported that exogenously expressed GFP-DA and endogenous DA spontaneously accumulate in dendritic spines. Endogenous DE accumulates in the dendritic spines of mature DA knockout (DAKO) neurons (Kojima et al., 2010) . In the present study, we showed that GFP-DE accumulated in dendritic spines of rat neurons expressing endogenous DA. These results indicated that both drebrin isoforms can accumulate in dendritic spines.
In contrast, DA dynamics were slower than DE dynamics, suggesting that DA binds more to F-actin Although GFP-sDA is shorter than GFP-DE, the difference of turnover between GFP-sDA and GFP-DA was subtle. Stable GFP-sDA fraction was not significantly different to GFP-DA (35 were examined for GFP-sDA and 38 spines were measured for GFP-DA).
than DE in dendritic spines for regulating synapse function. However, drebrin localization does not depend on the isoform conversion. We have previously shown that drebrin-bound F-actin plays a key role in synaptic plasticity (Mizui et al., 2014) . Therefore, the above hypothesis is consistent with the observation that synaptic plasticity is altered in DAKO mice (Aoki et al., 2009; Kojima et al., 2016) .
Possible mechanism for differences in stable DA and stable DE fractions Why is stable DA fraction larger than stable DE fraction? The only structural difference between the two isoforms is the insertion of an Ins2 sequence into the middle of the DA protein. Therefore, Ins2 is implicated in the differences between stable DA and stable DE fractions.
The size of membrane proteins affects their movement in synapses (Li et al., 2016) , suggesting that DA dynamics are slower than DE due to differences in molecular weight. However, the difference is not likely to explain differences in the stable drebrin fractions because the stable sDA fraction was not different from DA, despite being smaller than DE.
The DA-specific Ins2 sequence may also increase the affinity of DA to other molecules. However, in the present study we showed that the stability of a mutant GFP-DE-IC protein was not higher than GFP-DE. This indicates that the Ins2 sequence does not increase the affinity by itself. Rather, a wider region that contains Ins2 and its adjacent sequences may contribute to the difference in stability between DE and DA. sDA, which lacks the Cterminal region located behind the Ins2 sequence shows similar stability to DA. Therefore, the wider region containing and Ins2 and the Nterminal region in front of Ins2, such as actin-binding region AB2, might be essential for high DA stability in dendritic spines. Synaptic molecule that can bind to a region containing both Ins2 and AB2 may increase the stability of DA in dendritic spines.
Differences in the ternary conformation of DE and DA might explain the differences in stability.
Analyses of DE mutants have demonstrated that the drebrin Cterminal binds to the AB1 region to inhibit the actin-binding activity of AB1 (Worth et al., 2013) . Thus, insertion of a DA-specific Ins2 sequence might affect intramolecular interactions to promote drebrin stability in dendritic spines.
Overexpression of a mutant Homer2/Cupidin protein lacking the cdc42-binding domain reduces drebrin clustering in dendritic spines (Shiraishi-Yamaguchi et al., 2009 ). This raises the possibility that the two C-terminal Homer-binding motifs regulate drebrin localization in dendritic spines. However, this is unlikely because the Cterminal region of drebrin is not essential for DA stability in dendritic spines.
Actin depolymerization induced an apparent and significant increase in initial rate of recovery of GFP-DE. This might be because the fraction of drebrin monomer is increased by actin depolymerization. Presence of drebrin oligomers has been reported in non-neuronal cells (Peitsch et al., 2001) . Actin polymerization might regulate the oligomerization of drebrin by unknown mechanism. These data suggest the presence of distinct Factin-dependent mechanism controlling the fast and slow turnover of drebrin.
Stable F-actin is increased by drebrin isoform conversion in dendritic spines
Drebrin alters the helical pitch of F-actin, which affects the association of other actin regulatory proteins with F-actin (Sharma et al., 2011) . In addition, drebrin reduces LatAinduced F-actin depolymerization (Mikati et al., 2013) . Furthermore, DA-bound F-actin is resistant to depolymerization by cytochalasin D (Ikeda et al., 1995) . Based on these observations, we have suggested that DA stabilizes F-actin composing a stable pool in dendritic spines (Mizui et al., 2014) .
Conversion of DE to DA occurs in parallel with synapse formation. In this study, we showed that the stable GFP-DA fraction is higher than GFP-DE, and is significantly reduced by actin depolymerization, while GFP-DE is not. This suggests that DA preferentially binds to F-actin more than DE although the F-actinbinding ability of purified DE and DA are comparable (Ishikawa et al., 1994 (Ishikawa et al., , 2007 . In line with this view, we Fluorescence intensity of GFP-sDA and GFP-DA in spines. Spine-dendrite ratio and fluorescence intensity of GFP-DA and GFP-sDA were comparable (p = 0.06 for Spine-dendrite ratio and p = 0.13 for fluorescence intensity). Fifty-four spines were examined for GFP-sDA and 36 spines were examined for GFP-DA.
have previously shown, using biochemical fractionation of rat brains, that DA is predominantly bound to F-actin, while more than half of DE molecules do not cosediment with F-actin in vivo (Aoki et al., 2005) . In addition, cytosolic drebrin is increased in the brain of adult DAKO mice, in which DE substitutes for DA (Kojima et al., 2010) . These data suggest that DA contributes to the formation of a stable F-actin complex more efficiently than DE in dendritic spines.
Meanwhile, the stable GFP-DE fraction was significantly increased by actin stabilization, while GFP-DA was not affected. This indicates that DE is able to associate with F-actin when sufficient F-actin is available. In addition, GFP-DA insensitivity to Jasp supports the idea that DA has a stronger affinity to F-actin than DE in basal dendritic spines. Taken together, these findings indicate that conversion of drebrin isoforms play a pivotal role in synaptogenesis by increasing the amount of stable drebrin-bound F-actin in dendritic spines during development.
We have shown that AMPA-type glutamate receptor (AMPA receptor) activity increases the stable drebrin fraction. This is associated with drebrin clustering in dendritic spines and activity-dependent spine morphogenesis during development (Takahashi et al., 2009 ). This suggests that AMPA receptors mediate the increase of stable F-actin in dendritic spines by facilitating the drebrin isoform conversion. However, this is unlikely because the isoform conversion of drebrin is not affected by AMPA receptor activity (Takahashi et al., 2009 ).
Physiological role of stable, drebrin-bound F-actin in dendritic spines
In DAKO mice, conversion of drebrin isoforms does not occur and DE is expressed throughout life. In these mice, fear memory formation (Kojima et al., 2010) , long-term potentiation (Kojima et al., 2016) , and homeostatic synaptic plasticity (Aoki et al., 2009 ) are impaired. In addition, spine length of hippocampal neurons is longer in DAKO mice than WT mice (Kojima et al., 2016) and perforated synapses are increased in the cerebral cortex of DAKO mice (Aoki et al., 2009) . These data suggest that DE cannot take over the function of DA in dendritic spines and Ins2 region of DA is necessary for DA-dependent changes associated with synaptic plasticity and fear memory, but the relevant molecular mechanism was not elucidated. It is plausible that differences in stable fractions between drebrin isoforms affect aberrant synapse function in DAKO mice. However, other factors such as age-dependent regulation (Kojima et al., 2016) are also probably involved in the process. It will be interesting to elucidate the molecular mechanism that determines The stable fraction of GFP-DE and GFP-DA treated with or without Jasp. Jasp significantly increased the stable GFP-DE fraction (50 spines were examined for GFP-DE with Jasp, and 34 spines were examined for GFP-DE without Jasp). However, Jasp did not affect the stable GFP-DA fraction (62 protrusions were examined for GFP-DA with Jasp, and 43 protrusions were examined for GFP-DA without Jasp). In addition, after treatment with Jasp, stable GFP-DE and GFP-DA fraction were no longer different. drebrin stability in dendritic spines and the link of the drebrin stable fraction size to the non-overlapping roles of DE and DA in the future study. These will increase our understanding of how DA-bound F-actin affects synaptic plasticity.
